The Hybrid Titanium Composite Laminate (HTCL) incorporates the mechanical advantages of existing hybrid composite laminates such as ARALL and GLARE while extending their applications to harsh environments. Hybrid composite laminates, consisting of layers of Titanium Grade 2 foils bonded together with fibre-reinforced prepreg plies, have been tested under fatigue loading. HTCL has proven to possess exceptional strength and fatigue resistance. Degraded stiffness and ultimate resistances are provided through experimental stress-strain response of HTCL laminates, which are compared with predicted results by a laminate analysis code. The roles of mechanical degradation, the static and dynamic behaviour and fatigue properties of HTCL are addressed. The development of damage in HTCL specimens during fatigue is shown including titanium ply cracking, interfacial debonding, and layer failure. These tests provided several parameters in order to calibrate a numerical Lamaitres Continuous Damage Mechanics (CDM) fatigue model, which resulted in good agreement with experimental data. The influence of the fatigue properties of titanium layers on the fatigue of HTCL is discussed. The performance of HTCL laminates in fatigue is shown superior to that of the monolithic titanium alloy for room-temperature conditions.
LEMAITRES CDM FATIGUE MODEL
The CDM approach gives the capability of deriving fatigue damage laws which are consistent both with thermodynamics principles and with continuum mechanics: several models have been proposed for describing fatigue damage within the framework of CDM. Basically CDM approaches are able to fully describe stiffness degradation for a wide class of materials, both isotropic and orthotropic: typical decaying of elastic moduli during fatigue accumulation is due to nucleation and growth of arrays of microcracks, whose orientation depends on the spatial distribution of applied loads [1] , [2] Typically, for uniaxial stresses, cracks are oriented normally to the load direction: therefore damage accumulation is anisotropic or, at least, orthotropic for inplane uniaxial loading [3] . Moreover, to achieve a full description of damage evolution in actual materials, it is necessary to take into account interactions between plasticity and damage, since crack growth is strongly influenced by the presence of a plastic region close to the fracture tip [4] : therefore a complete CDM description of fatigue deterioration requires to introduce a plasticity potential and a damage locus and to derive flow equations of state variables by the normality rule [5] .
However it must be considered that in fatigue damage accumulation, the growth of macroscopic cracks is only a final stage of the whole operative life of a structural element, representing about 10% of its total duration, whereas stiffness degradation due to micro-cracks nucleation, interaction and growth is the main effect of fatigue accumulation during about 90% of the total operative life span. Since no macroscopic cracks can be observed, stiffness degradation of structural elements cannot be examined by simple optical inspections, but only by mechanical testing or not-destructive controls: yet the degradation of elastic moduli is very dangerous for structural integrity, since several response properties of structural elements, such as static deformations, buckling loads and modal frequencies can be deeply affected by this phenomenon. Due to the fact that stiffness degradation is mainly ruled by microcracking, it can be assumed that plastic strains affects only very small regions of ductile ma-* Presented at COMP03 Conference, Corfu-Greece terials: thus high cycle fatigue for metals can be described by means of elastic CDM [6] , without introducing interactions between plasticity and damage and therefore strongly simplifying the mathematical approach required for the problem. An elastic approach to fatigue modelling is valid for materials exhibiting brittle fracture behaviour, such as polymeric based composites at standard room temperatures. Following the classical approach from Kachonov [7] , the damage within an elastic material can be related to the decreasing of load carrying surfaces within the material due to microcracks and voids nucleation and growth: thus the damage variable D is expressed as simply:
where A is the area of an arbitrary section for the virgin material and $ a is the corresponding surface measure for the damaged one. According to Kachonov's definition, the damage variable for an arbitrary material is dependent on the geometrical distribution of growing defects: the relation (1) is valid only for isotropic damage, as an example for spherical voids of random diameters growing within the bulk material. Orthotropic and anisotropic damage derives from the geometry of the defects themselves: for elliptical or pennyshaped cracks Kachonov's definition (1) must be extended, taking into consideration a damage tensor [8] , and not simply a scalar variable. In the strict sense the Kachonov's assumption (1) is well approximated only for an high triaxiality of the stress state, otherwise voids causing stiffness degradation would be not spherical, but, at least, elliptical, so producing an anisotropic damage state. Nevertheless in several papers addressing uniaxial fatigue damage modelling, it has been pointed out that a scalar damage variable is sufficient to model stiffness degradation, provided that no macroscopic cracking occurs within the bulk material [9] , [10] : this evidence, supported by experimental data, is clearly related to the small dimensions (tenths of microns) of growing voids, whose elongation can therefore be neglected. Therefore, in the present paper, the standard Kachonov's definition (1) of the damage variable is employed.
To model the effects of the variable D, which is related only to the geometric distribution of microscopic defects within the material, on the macroscopic mechanical properties, it is necessary to introduce an equivalence principle, which allows performing an homogenization of the damaged continuum [11] : in this paper the Lemaitre's strain equivalence principle will be taken into consideration. Other homogenisation rules, based on elastic energy equivalence, have been proposed by Murakami and Hono. In uniaxial tension-compression, according to Lemaitre's hypothesis, the following relation holds:
where e is the elastic deformation, s and ( a are the stress and the Young's modulus for the damaged material, while s a and E are the same quantities for the virgin continuum. The equation (2) points out that, due to stiffness degradation, the stress producing an assigned deformation in the damaged material is lower than for an equivalent, not damaged, continuum. Employing eq. (1) and (2), we have the dependence of the degraded Young's modulus ( a on the damage variable:
The damaging process causes an increase of the entropy of solids: therefore the thermo dynamical potential for these transformation is ruled by the Helmoltzs free energy f, which depends on the strains, on the temperature and on the damage variable: for elastic bodies the Helmoltzs free energy at constant temperature is expressed [12] as:
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From eq. (4), the stress field can be derived as:
Therefore the strains for an isotropic damaged material are:
Eq. (6) represents a generalization of the strain equivalence principle (2) in 3D elastostatics. Moreover the energy release Y due to damage accumulation is:
for which the following equality holds:
where W e is the density of elastic free energy for a damaged continuum:
G s e = ÞÞÞ (9) Following Lemaitre's approach to CDM, by eq. (6), (8) and (9) the energy release rate Y can be rearranged as:
where s eq is the Von Mises equivalent stress, s H is the hydrostatic part of the stress tensor and f is the "triaxiality function" given by:
Eq. (10) represents a general form of the energy release due to isotropic damage accumulation for linearly elastic isotropic materials, no matter of what nature the stiffness degradation phenomenon actually has. Lemaitre postulated the following expression for the damage dissipation potential:
to which the damage flux or damage accumulation ratio is ruled by the generalized normality law, assuming k = cost implies B = cost:
where B = l q k(D,T,s), k is an unknown function, l is the damage multiplier and employing eq. (10) and eq. (11) yields:
Assuming to take into consideration a proportional loading, for which each applied load has the same temporal dependence, we have:
Employing eq. (17), the damage flux can be simply rearranged as:
where is given by:
Taking into consideration the integral of the damage flux over a fatigue cycle, we can express the derivative of the damage variable versus the total number of load cycles N as:
which yields:
where the unknown parameters B and q are dependent on the material taken into consideration.
Eq. (19) constitutes the Lemaitre model for highcycle fatigue: no effects of plasticity have been taken into account for its derivation. However the model is not valid if the local equivalent stress in an elastic continuum exceeds the yield value, so that plasticity effects cannot be neglected also on a macroscopic scale.
From a mathematical point of view, the damage variable D can attain values within the finite interval [0,1]: the condition D = 1 represents complete degradation of the damaged material. Yet this latter has no consistent physical meaning, since it involves that deformation diverge for any finite load applied. Experimental observations highlight that the load carrying capability of actual materials can be set to zero for a critical value of the damage variable, D c < 1, which depends on the micro-structural properties of the material itself. The critical value of the damage variable represents a limit threshold, over which macroscopic cracking occur within the continuum and the homogenisation procedure has no physical sense. To take into account this physical bound for the damage variable in Lemaitres approach to high cycle fatigue, it is worth to introduce in eq. (19) a change of the dependent variable D, assuming (20)
Therefore, for the fatigue model in eq. (19), three unknown material dependent parameters, namely B, q and D c , must be estimated by experimental tests.
FEM IMPLEMENTATION OF LEMAITRES MODEL.
The main advantage of the Lemaitres fatigue model is that it allows describing high cycle fatigue damage due to multiaxial loads, providing the capability of analysing complex engineering problems: in this paper this model will be validated with experimental data, analysing the stiffness degradation of Ti-Glass Mat/Epoxy composite hybrid laminates. Each layer of the hybrid laminate itself is assumed to be linearly elastic and isotropic: this hypothesis agrees well with the in-plane mechanical behaviour of MAT/ Epoxy composites, since the fibre for reinforcement is short and randomly oriented for each thin layer. The calculation of stress and strain fields is achieved by a standard finite element method, employing three nodes isoparametric triangular elements with linear interpolating functions for the displacement field. To this aim MATLAB scripts have been developed to acquire the model mesh by a standard NASTRAN file generated by means of the FEMAP pre-processor, and to calculate the stiffness matrix and the load vector for each element of the laminate (Fig. 1) . The elemental stiffness matrixes are then assembled in a global one, which represents the elastic influence among different nodes. Natural boundary conditions are applied by a penalty method and the final linear system is reordered by means of the reverse Cuthill-McKee algorithm to reduce the stiffness matrix bandwidth: the linear system itself is solved by means of an LU decomposition, so the nodal displacement are calculated. Since linear interpolating functions have been employed, the stress field is constant in each layer portion within an assigned element.
The properties of fatigue load, namely the stress ratio R and the maximum applied nodal force vector, are assigned at the beginning of the simulation: then a static solution for the undamaged laminate is obtained and the equivalent Von Mises stresses are calculated for each element and for each isotropic layer. The Lemaitres model equation (19) is discretised versus the total number of load cycles N, having:
where the sign in the stress terms depends on the stress ratio R according to eq. (19).
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A jump in procedure is employed to speed up the simulation: in this case a discrete step DD max for damage incresing is fixed, which represents the maximum allowable increment for the damage variable consistent for a linear approximation of the derivative in the left member of eq. (4). Therefore the maximum admissible time jump DN i for i-th iteration is obtained from (20) as: :
where the Von Mises stresses are the maxima attained for the (i-1)-th iteration (for the static solution if i = 1). Therefore the damage variation for each lamina within each element can be at most equal to DD max : the advantage of the jump in technique is very remarkable if compared to fixed time increment approaches, since it allows to achieve an adaptive discretisation of the total fatigue life duration.
FATIGUE TESTS ON TI GRADE II -MAT/ EPOXY HYBRID LAMINATES
Static traction and uniaxial fatigue tests have been performed on both MAT/Epoxy composites specimens (Fig. 2) and Ti-MAT/Epoxy hybrid laminates: MAT/Epoxy specimens were manufactured employing the resin Ciba Geigy EC130 LV reinforced by in-plane randomly oriented Fiberite Glass E Chopped Strand MAT 300. The final composite laminate had 16 layers and a total thickness of 2.4 mm. The same composite material has been employed to manufacture the hybrid laminate, for which the metallic layers were made of sand-blasted Ti Grade II: in this case 16 layers of composite have been employed, both the composite and hybrid laminates were manufactured by an industrial process involving a pre-curing at room temperature, lasting 24 hrs, and a final reticulation under an hot press at 80°C, applying a pressure of 132 atm and lasting 15 hrs. The mechanical properties of the composite MAT/Epoxy laminates and of the hybrid material have been measured by means of 5 static traction tests, while Ti Grade II stiffness and strength moduli have been supplied by the retailer: both the Youngs and Poissons moduli have been measured employing a couple of strain gauges on a complete Wheatstones bridge, according to the ASTM D 3039 standard. A summary of the results of the static tests are presented in Table 1 : the stiffness properties of the assembled hybrid laminates agree with the ones from classical laminate theory, showing that a good adhesion has been achieved between the metallic layers and the composite plies. The static strength of hybrid laminates is less than the one of bulk Ti Grade II, since the traction failure mode is due to a delamination of composite plies. Following the static characterization, fatigue tests have been performed on the hybrid laminate: the experimental tests have been performed assuming R = 0, with a sinusoidal time varying load having a frequency of 2 Hz. The geometry of the specimens complies with the ASTM E 466 standard. Two different set of loads have been considered, performing 5 tests for each value of the maximum applied force F MAX : the results of the tests themselves are presented in Table 2 , where also the corresponding maximum attained stresses s MAX both in composite plies and in metallic layers are reported. 
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( *3D n s` According to fatigue tests, the visual inspections of specimens under load have pointed out that the failure mode starts with the occurrence of a couple of delamination, respectively at ¼ and ¾ of the total specimen length. The final failure is in fact caused by a sudden brittle breakage of MAT/Epoxy layers and a following quick propagation of a couple of macroscopic cracks born in the regions where delamination initially occurred.
According to these first two set of fatigue experimental data, it is difficult to establish a direct comparison of the hybrid laminates performances with those featuring the stiffness degradation behaviour of both bulk Ti Grade II and MAT/ Epoxy composites. Therefore a second row of 5 fatigue tests has been performed on both Ti Grade II samples and MAT/Epoxy specimens, once again complying ASTM E 466 normative: the loads applied in these cases, on both Ti and composite, have been chosen to reproduce the same uni-axial stress as in the case of set I tests for hybrid laminates. The Youngs moduli of both Ti Grade II and MAT/Epoxy specimens were measured during the fatigue tests by means of strain gauges.
The results of this second experimental campaign are summarised in Table 3 : it is worth observing that the fatigue strength of bulk Ti Grade II specimen is about 35 % lower than the one for assembled hybrid laminates; the critical value of the damage variable D c for bulk Ti Grade II has been estimated from stiffness data at failure and it is about 0.2542. On the other hand bulk MAT/ Epoxy specimens seem to be rather insensitive to fatigue damage, since the loss of stiffness at failure is very limited.
The ratio between the applied stress and the yield strength are 0.77 for Ti Grade II layers and 0.36 for MAT/Epoxy plies. Therefore the metallic layers are considerably more stressed than the composite ones, so that the fatigue strength of the assembled hybrid laminate is ruled only by the resistance of metallic layers. The higher fatigue strength of hybrid laminates can be related to the very low damage featuring composite plies, which behave as an elastic foundation for the metallic layers: the fatigue performance of hybrid laminates, particularly regarding stiffness degradation, are considerably better than for bulk metallic materials, provided that the composite employed for manufacturing has a low sensitivity to fatigue damage.
From experimental Young modulus data for bulk metallic specimens, the stiffness degradation of Ti Grade II due to fatigue can be easily modeled: namely the coefficients B and q for the Lemaitres model have been calculated by a non-linear regression of the law in eq. (19). The corresponding values for Lemaitres model are presented in Table 4 : since the MAT/epoxy composite is not damaged for the loading levels here considered, it has been assumed that its B parameter is ten orders of magnitude lower than that of the bulk Ti Grade II. The same consideration is valid for q exponent and for the critical damage D c . 
RESULTS OF THE LEMAITRES MODEL ON TI-MAT/EPOXY LAMINATES
A FEM numerical code, implemented with Lemaitres model, which has been previously described in § 3, has been employed to simulate the fatigue behaviour of hybrid flat specimens under uni-axial fatigue loading. The mesh for the geometry of tested samples is presented in Fig.  3 . Symmetry constrains are applied on the left side of the model, which actually represents one half of the whole specimen. The resultant of the nodal loads is equal to the maximum applied loads per unit length F MAX , reported in Table 2 .
The results of the static analysis for the FEM model of the hybrid specimens are reported in Fig. 4 : Ti Grade II layers show the maximum Von Mises stress for both set I and set II specimens at ½ of half length of the samples, i.e. ¼ of the total span. As previously pointed out, visual inspections of the specimens during fatigue testing has highlighted that these regions correspond to the beginning of delamination. The maximum values of Von Mises equivalent stress is about 215 MPa for Ti Grade II layers, as shown in Fig.  4 . The Von Mises stress field has the same qualitative trend of MAT/Epoxy composite layers, as shown in Fig. 5 . Therefore, as the static analysis highlights, the region of maximum Von Mises stress for the undamaged laminates correspond to those where delamination occurs.
Simulations of fatigue damage evolution have been performed by means of a FEM code developed by the authors, basing on the Lemaitres model: the objective of these simulation was to evaluate the Von Mises stress field and the stiffness degradation within the specimens right as a macroscopic crack starts: this condition is here considered as failure, even though specimens can still present a short residual fatigue life during to macro-crack propagation. In fact this final stage of fatigue damage evolution cannot be modelled by Lemaitres approach, since macroscopic crack propagation is ruled by a elastic-plastic mechanism at tip.
Plots of the Von Mises stress field and of the scalar damage variable D are respectively reported in Fig. 6-8 and Fig. 7-9 : the maximum values of the damage variables are of course attained in Ti Grade II plies, reaching D c within the region where Von Mises Stress is maximum.
As shown in Fig. 6-8 , the elements featuring the initially highest Von Mises stresses undergo the quickest stiffness degradation reaching the critical damage value D c and when it occurs the applied loads are transferred from the centre of the specimens to the external bounds, causing a stress relaxation within the central region of the specimens.
CONCLUSIONS
A finite element model developed on the Lemaitres theory has been applied to the study of the fatigue behaviour of HTCL. B, q, D c parameters calibration has been obtained through experimental static and fatigue analyses on ASTM E 466 specimens. A comparison between experimental data and numerical results of FEM simulation is presented in Table 5 : the numerical approach here proposed leads to a small underestimation of the actual fatigue life duration for hybrid laminates, nevertheless closely approaching the experimental results. However this effect is due to the fact that Lemaitres model is not able to describe the final macroscopic crack propagation stage, which requires a finite number of load cycles to reach a critical length for definitive failure. Nevertheless numerical results are valid, since they allow providing conservative estimation of the fatigue life duration. 
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